This is the first report on the effects of a single bout of swimming to exhaustion in cold water on rat erythrocyte deformability, aggregation and fatty acid composition in erythrocyte membranes. The results indicate that there was a significant decrease in body temperature of experimental rats swimming in water at 4°C and 25°C when compared to the control.
Red blood cell deformability is the ability of these cells to change their shape under forces encountered during circulation. Deformation of red cells is an essential quality necessary for normal circulation. The erythrocyte membrane is formed by a lipid bilayer (SHIGA et al. 1990) . Alterations in the transbilayer distribution of phospholipids in the erythrocyte membrane have significant physiologic consequences such as changes in erythrocyte shape leading to disturbed elasticity. Red blood cells of the rat, 5-7 Fm in diameter, possess the ability to alter their shape in order to squeeze through capillaries of even smaller diameter. Deformability has an important effect on microcirculation and depends on three parameters: 1. membrane deformability and stability, which are regulated by multiple membrane properties including elastic shear modulus, bending modulus, and yield stress. 2. cell shape or cell geometry determining the ratio of cell surface area to cell volume (SA/V); higher values of SA/V facilitate deformation. 3. cytoplasmic viscosity, which is primarily regulated by the mean corpuscular hemoglobin concentration (MCHC) and is therefore influenced by alterations in cell volume (MOKKEN et al. 1992) . Increased red cell deformability may result from incorporation of polyunsaturated fatty acids (PUFA n-3) from blood plasma into erythrocyte membranes (OOSTENBURG et al. 1997) . It was found that fish oil ingested as a dietary supplement can induce an increase in PUFA n-3 fatty acid content in the erythrocyte membrane ameliorating membrane fluidity which favors erythrocyte deformability (KAMADA et al. 1993) . Proper blood liquidity depends on the level of unsaturated fatty acids (UNSAT) in erythrocyte membranes and saturated ones (SAT), being the sum of various unsaturated and saturated fatty acids respectively. DODGE et al. (1967) and CRIBIER et al. (1993) show that higher UNSAT content increases membrane liquidity since they have substantially lower melting points than their saturated counterparts. The increase in unsaturated acid contents in erythrocyte membranes facilitates the transport of water molecules through the membrane, equalizing intracellular pressure and osmotic balance (PLASEN-ZOTTI et al. 2007 ). The fluidity is low if the membrane is in a gel state at low temperature and it is high when temperature increases (ISLAM et al. 2011) . Lower erythrocyte deformability increases blood viscosity resulting in disturbances in blood flow within the microcirculation. Blood viscosity is influenced by plasma protein level and RBC and WBC numbers (D¥BROWSKI 2000; MCHEDLISH-VILI et al. 2001) . This dependence was confirmed by EL-SAYED et al. (2005) who indicated that an increase in the whole blood viscosity is seen with an increase in hematocrit and plasma viscosity without accompanying changes in erythrocyte deformability and aggregation. Interestingly WEN et al. (1995) demonstrated that the increase in viscosity observed at lower temperatures could influence erythrocyte elongation.
The objective of our study was to subject rats to a single bout of intensive physical effort in water at 4ºC and 25ºC and to study its impact on the rheological properties of blood erythrocytes (EI, AI, blood plasma viscosity) and the composition of fatty acids in the erythrocyte membranes (percentage content of unsaturated, saturated, monounsaturated, and polyunsaturated fatty acids).
Material and Methods

Animals
Permission for this study was obtained from the Local Ethics Committee of the Jagiellonian Universitynumber ZI/UJ/96/2001. Thirty 36-week old Wistar male rats were used in the experiment and randomly allocated to three research groups: 1) non-swimming controls kept in cages at room temperature, 2) rats swimming in water at 4ºC, and 3) rats swimming in water at 25ºC. Prior to the commencement of the experiment, a number of preliminary trials were carried out in order to determine the right duration of time for swimming at 4ºC and 25ºC, and to observe at what point the animals gave up further swimming. The experiments were performed during morning hours, i.e. between 9 AM and 12.00 PM. Animals swam in a glass container (120 cm in length, 40 cm in width, and 50 cm in depth). The temperature of the water was adjusted with the aid of a PT-217 thermometer (Elmetron). At the end of the exercise session, the rectal temperature of all participating rats was taken. After completion of the experiment, the animals were killed by cervical dislocation. The femoral artery and vein were cut open and 6 ml of blood was extracted and placed in Vacuette-type test tubes with potassium EDTA.
Rheological analysis
The deformability and aggregation of red blood cells was determined using a Laser-assisted Optical Rotational Cell Analyzer (LORRCA, RR Mechatronics, Holland) according to Hardeman's method (HARDEMAN et al. 1994; HARDEMAN et al. 2001) . The deformability was expressed using EI. The following aggregation parameters were estimated: 1) AI (in %), 2) the amplitude and total extent of aggregation (AMP, in arbitrary units), and 3) the half time (T½, in s) which describes the kinetics of the aggregation process and is proportional to the time of re-aggregation of disintegrated red cell complexes. Measurements of aggregation parameters were carried out at native hematocrit. The temperature in the LORCA was adjusted to 37°C. All other preparations and measurements were carried out at room temperature (22±1°C). For each measurement of deformability, we needed only 25 Fl of blood in 5 ml of 0.14 mM polivinylopyrrolidone (PVP, M=360 000) solution. A sample of diluted blood was injected into the LORCA measuring system. The samples were subjected to varying levels of shear stress. This process was fully automated (a shear stress of between 0.30 Pa and 59.97 Pa was used). The EI for erythrocytes was calculated according to the formula:
where A and B represent the vertical and horizontal axes of the ellipsoid, respectively. EI allowed for the estimation of erythrocyte elasticity and was calculated based on the change in erythrocyte shape (from round to ellipsoid) under the influence of shear stress.
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Aggregation measurements obtained from the LORCA aggregometer were based on the detection of laser light back-scattering from the sheared (disaggregated) and unsheared (aggregating) blood using a computer assisted system. Each 2 ml sample of blood was transferred into a glass vessel and oxygenated for 10 to 15 minutes prior to obtaining measurements. A 1 ml sample of blood was injected into the gap between the outer cylinder "cup" and inner cylinder "bob" of the LORCA. During the measurement, the cup was driven by a computer-controlled stepper motor. The blood sample was sheared at 400 s -1
, when shear rate decreases rapidly to zero. The backscattering data was evaluated by the computer and the AI was calculated from the syllectrogram (light scatter vs. time curve during a 120 s period). This method relies on the fact that there is less light backscattered from aggregating red cells.
Measurements of blood plasma viscosity
The viscosity of blood plasma was determined in a viscosimeter (type D-52159 Roetgen, Myrenne, Germany) with results displayed in mPa.s.
Biochemical analyses Isolation of cell membranes from the rat erythrocytes
The isolation of cell membranes followed the method proposed by RODRIGUEZ et al. (1996) .
Total lipid extraction
Total lipid extraction from the erythrocyte membranes was carried out according to the method proposed by FOLCH et al. (1957) .
Synthesis of fatty acid methyl esters of total lipids in the erythrocyte membranes
The synthesis of fatty acid methyl esters of total lipids in the erythrocyte membranes was carried out following the method developed by METCALFE and SCHMITZ (1961) .
Separation of fatty acid methyl esters of total lipids extracted from erythrocyte membranes
The separation of fatty acid methyl esters of total lipids isolated from the red blood cells was carried out using the method of capillary chromatographic gas extraction according to LI and WATKINS (1998) .
Statistics
Continuous variables were presented as arithmetic means along with their standard deviations, ranges. The normality of distribution was tested using the Shapiro-Wilk test. Arithmetic means between groups of rats subjected to exercise at 4°C or 25°C and the controls were analysed for statistical significance. The comparison of mean values of data that conformed to a normal distribution was carried out using one-way analysis of variance. When differences were found to be statistically important the post-hoc Tukey test was applied. In case of data that did not follow a normal distribution a nonparametric analysis of variance (ANOVA) with Kruskal-Wallis test was used. Calculations were performed using Statistica 7 (StatSoft ® , Poland) software, and statistical significance was defined as P#0.05. Table 1 shows data characterizing rats from both experimental groups and those serving as a control.
Results
Animals
Post exercise body (rectal) temperature
The values of post-exercise body (rectal) temperature decreased by 12.84°C in 36-week old rats swimming in water at 4°C compared to the control group. Likewise, this value decreased by 11.91°C in the group swimming in water at 25°C compared to the control group. 
Elongation index
In post-hoc tests, the mean level of EI at a shear stress level of 1.13 was significantly higher in rats swimming in water at 4°C compared with the control group (Table 1) . In post-hoc tests, the mean value of EI at shear stress 15.96 was significantly higher in rats swimming in water at 4°C and also at 25°C compared with the control group.
Aggregation indices and blood plasma viscosity
In post-hoc tests, the mean blood plasma viscosity was significantly higher in rats swimming in water at 4°C compared with the control group.
Biochemical analyses
Our study revealed the presence of the same fatty acids in the erythrocyte membranes of the control group as in the groups of rats swimming in water at 4ºC and at 25ºC. The following fatty acids were found in all three groups: caprilic, capric, lauric, myristic, myristoleic, palmitic, palmitoleic, stearic, oleic, elaidinic, linoleic, á-linoleic, arachidic, cis-11-eicozenoic, behenic, erucic, and adrenic acids.
The consulted reference values for fatty acids found in the membranes of erythrocytes are in the form of indices, e.g. saturated (SAT), unsaturated (UNSAT), saturated/unsaturated (SAT/UNSAT), monounsaturated (MUFA), polyunsaturated (PUFA), polyunsaturated n-3 (Ón3), and polyunsaturated n-6 (Ón6).
In post-hoc tests, the mean SAT content was significantly higher in rats swimming in water at 25°C when compared to the control group (Table 6) .
In post-hoc tests, the mean content of MUFA was significantly higher in rats swimming in water at 4°C when compared to the control group and in rats swimming in water at 25°C when compared to the control group.
In post-hoc tests, the mean content of PUFA was significantly lower in rats swimming in water at 25°C when compared to the control group. For rats swimming in water at 4°C the difference was just below statistical significance due to the high dispersion of data.
In post-hoc tests, the mean content of Ón3 was significantly higher in rats swimming in water at 4°C compared to the control group. This was not the case for rats swimming in water at 25°C. X lauric (C12:0) X myristic (C14:0) X myristoleic (C14:1n-9) X X palmitic (C16:0) X palmitoleic (C16:1n-9) X stearic (C18:0) X oleic (C18:1n-9) X X elaidinic (C18:1n-9trans) X X linoleic (C18:2n-6) X X X "-linoleic (C18:3n-3) X X X arachidic (C20:0) X cis-11-eicosenoic (C20:1) X X behenic (C22:0) X erucic (C22:1n-9) X X adrenic (C22:4n-6) X X X Table 6 Mean content (±SD) of saturated (SAT), unsaturated (UNSAT), saturated/unsaturated (SAT/UNSAT), fatty monounsaturated (MUFA), polyunsaturated (PUFA), n-3 polyunsaturated (n-3 PUFAS) and n-6 polyunsaturated (n-6 PUFAs) fatty acids in the erythrocyte membranes of rats swimming in water at 4ºC or 25ºC and in control ones calculated based on percentage content of various fatty acids in the lipids forming erythrocyte membrane 
Effects of Cold Water Swimming in Untrained Older Rats
In post-hoc tests, the mean Ón6 number was significantly lower in rats swimming in water at 4°C compared to the control group and in rats swimming in water at 25°C compared to the control group.
Discussion
In this study erythrocyte deformability, aggregation, and fatty acid composition in erythrocyte membranes were investigated following single swimming in cold water. To our knowledge, this is the first report about the effects of swimming in cold water on erythrocyte deformability, aggregation and fatty acid composition in erythrocyte membranes.
The deformability of erythrocytes by shear force reduces the flow resistance (MAEDA 1996) . This phenomenon ameliorates blood liquidity and thus oxygen delivery to contracting muscles (EL-SAYED 1998; EL-SAYED 2005) . Studies performed by CLARK (1998) revealed that older erythrocytes are less deformable under shear stress than younger ones. A small influence on erythrocyte elasticity is exerted by their internal viscosity, Ca and ATP binding by the membrane as well as their geometric properties such as MCV, membrane shape and fluidity (VETRUGNO et al. 2004; CARVALHO et al. 2006; KONSTANTINOVA et al. 2006) . YALCIN et al. (2000) studied the immediate and latent effects of swimming in water at 32±2°C on the rheological properties of blood in trained and untrained rats and suggest that training can significantly limit the hemorheological alterations related to a given bout of exercise. Whether this effect is secondary to the training-induced reduction in the degree of metabolic and/or hormonal perturbation remains to be determined. In our study erythrocyte deformability indices were found to increase after swimming in water at 4°C at shear stress 1,13 (Pa) and 15, 96 (Pa) . Perhaps an increase in erythrocyte deformability at shear stress values 1,13 and 15,96 Pa represents a type of protection facilitating erythrocyte flow through a constricted circulatory system due to the effort performed at low temperature and sympathetic nervous system activation. KAYATEKIN et al. (2010) found that erythrocyte aggregation increased in swimmers after acute swimming at 26-27°C after 6 training sessions per week. However, YALCIN et al. (2000) found that in untrained rats erythrocyte aggregation was decreased immediately after exercise, but increased after 24 hours. In our study erythrocyte aggregation indices did not change after swimming in cold water (at 4°C vs. 25°C). Only blood plasma viscosity increased after swimming in water at 4°C. The results of our study confirmed that an increase in blood plasma viscosity occurs after physical effort carried out at low water temperature at 4°C. This may adversely affect microcirculation.
PUFA acids are most numerously represented by omega-3 (n-3) and omega-6 (n-6) acids. They are present among structural lipids of erythrocyte membranes providing their proper elasticity. This enables rat erythrocytes having a diameter of ca. 5-7 Fm to flow through the system of arteriovenous capillaries of diameter even less than 3-5 Fm. Blood flow through the capillary system is essential because it provides tissues with substrates necessary to gain energy and to fulfill their anabolic needs as well as for proper oxygenation. Catabolites and CO 2 are transported out of tissues to the liver and lungs. In the microcirculation there is also a non-nutrient flow regulated by the system of precapillary sphincters built of smooth muscles that are excited by transport. In this kind of flow a pulsatory character can be discerned. Changes in the temperature in the environment must influence the dynamics of flow both in the nutritional capillary system and in the thermoregulatory system in a substantial way. Blood flow regulation depends on factors that are regulated centrally e.g. through their influence on the adrenal medulla activity and of adrenalin and noradrenalin secretion. Another important factor is local regulation operating due to the synthesis of epithelium-derived factors such as prostacyclins or eicosanoids that can change the dynamics of circulation. These compounds are derivatives of polyunsaturated fatty acids such as omega-3 and omega-6.
It is known that PUFA are regulated by a system of the same enzymes belonging to a group of elongases and desaturases. However, it is not know how important is the influence of the content of particular fatty acid families, that is omega-3 to omega-6 for the preferability of catalysed reactions. Therefore it still remains obscure to what degree the percentage content of fatty acids changes when omega-3 and omega-6 acids are used up in elongation and desaturation reactions. Our results indicate a substantial decrease in body temperature of rats subjected to a single effort to exhaustion in water at both 4°C and 25ºC when compared to the control group. This confirms the assumption that both physical effort and environmental factors can influence body temperature. It is known that in such circumstances changes occur in the dynamics of microcirculation and those of metabolic reactions as well as the dynamics of collateral circulation. The resulting conclusion is that in our experimental setting there was an acceleration of metabolic reactions concerning PUFA. The abrupt decrease in water at 4°C in omega-6 percentage content (more than 7 times) paralleled by a ca. 4-times increasega-3 percentage content. This can be explained by a more effective use of omega-6 acids for the synthesis of eicosanoids. Concomitant increase in omega-3 acid content resulted from different range of metabolic changes of compounds belonging to this group. The present state of knowledge concerning omega-3 and omega-6 acids metabolism does not allow a full explanation of such substantial differences in their percentage content.
Physical effort performed in 25°C water resulted in an increase in saturated fatty acids and a decrease in polyunsaturated fatty acids and in polyunsaturated n-6 fatty acids when compared to the control group. Therefore an increase in saturated fatty acid content and decrease in polyunsaturated and polyunsaturated n-6 entails a stiffening of erythrocyte membrane structure. The lower the number of unsaturated bonds in polyunsaturated fatty acids PUFA and Ón6, the more densely phospholipids are packed in cell membranes, leading to an increase in erythrocyte membrane stiffness, and eventually to disturbances in microcirculation. Thus both the fluidity and permeability of red blood cell membranes is decreased. However, in this group of rats an increase in monounsaturated fatty acid content was noted that substantially influences membrane structure and function.
In conclusion the authors plan to conduct a similar experiment with the measurements of absolute content of fatty acids in erythrocyte membranes. This will resolve the doubts concerning the reason for changes in the relative content of omega-3 and omega-6 fatty acids induced by physical effort.
